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Plasma modeling for ultrashort pulse laser ablation of dielectrics
L. Jiang and H. L. Tsaia
Laser-Based Manufacturing Laboratory, Department of Mechanical and Aerospace Engineering,
University of Missouri-Rolla, Rolla, Missouri 65409
Received 26 January 2006; accepted 18 May 2006; published online 26 July 2006
In ultrashort pulse 10 ps laser ablation of dielectrics, affected materials are first transformed into
absorbing plasma with metallic properties and, then, the subsequent laser-plasma interaction causes
material removals. For ultrashort-pulse laser ablation of dielectrics, this study proposes a model
using the Fokker-Planck equation for electron density distribution, a plasma model for the optical
properties of ionized dielectrics, and quantum treatments for electron heating and relaxation time.
The free electron density distribution of the plasma within the pulse duration is then used to
determine the ablation crater shape. The predicted threshold fluences and ablation depths for barium
aluminum borosilicate and fused silica are in agreement with published experimental data. It is
found that the significantly varying optical properties in time and space are the key factors
determining the ablation crater shape. The effects of fluence and pulse duration are also studied.
© 2006 American Institute of Physics. DOI: 10.1063/1.2216882
I. INTRODUCTION
An ultrashort pulse laser 10 ps can fully ionize al-
most any solid material with greatly reduced recast, microc-
racks, and heat-affected zone. Hence, ultrashort lasers are
very promising for the microfabrication of all type of
materials1–4 especially dielectrics such as transparent
materials.3,4 Building up of free electrons is necessary in
order to initialize laser ablation of dielectrics. Once the criti-
cal free electron density is created, the transparent material
becomes opaque, and the absorbed energy is mainly depos-
ited in a very thin layer within a short period of time, which
leads to the ablation of the thin layer.
Energy transport within the bulk material during the ab-
lation process can be divided into two stages:5,6 1 the pho-
ton energy absorption, mainly through free electrons genera-
tion, heating, and electron excitation in a time scale from a
few femtoseconds to a few picoseconds and 2 the redistri-
bution of the absorbed energy to lattice leading to material
removals in a time scale from a few picoseconds to a few
nanoseconds. Although many studies have been conducted,
there remain many challenges in predicting ultrashort laser
ablation, especially the dissipation of the absorbed energy
into lattice and the corresponding material removal
mechanisms.7,8 Several material removal mechanisms such
as the Coulomb explosion, electrostatic ablation, melting,
and nonequilibrium thermal ablation may coexist and change
from one mechanism to another during the removal process.7
Comparing with material removals, the free electron genera-
tion and heating are much better understood.9 Stuart et al.
developed theories for free electron generation based on the
kinetic equation and experimental results for the ablation of
dielectrics at 1053, 852, and 526 nm wavelengths and
100 fs–1 ns pulsewidths.10,11
However, the existing models cannot be used to predict
the ablation crater shape. Furthermore, the free electron heat-
ing is not properly addressed. To study free electron heating,
the laser-induced electrical field inside the material must be
determined which is a solution to the Maxwell equation cou-
pling with material equation. The solution is straightforward
when the optical properties of the ablation material are as-
sumed to be constant in time and space, and independent of
the incident laser intensity. With these assumptions, the free
electron heating falls into the framework of the well-known
skin effects. However, the optical properties of ionized ma-
terial actually vary in time and space, and are laser intensity
dependent under an ultrashort laser pulse.
This study proposes a plasma model by using the
Fokker-Planck equation and quantum treatments to predict
the ablation crater shape in dielectrics by ultrashort lasers.
The comparison calculations show that for free electron gen-
eration, the contributions by electron energy diffusion, the
rate of energy transfer to lattice, and the electron distribution
change because of Joule heating are all negligible as com-
pared to ionizations within the femtosecond pulse duration.
As a result, the Fokker-Planck equation is simplified and the
simplified equation based on the “flux-doubling” condition is
also validated in this study. The model improves the accu-
racy of ablation depth prediction and can predict the crater
shape. The effects of fluence, pulse duration, and varying
optical properties are also analyzed.
II. THEORY
A. Assumptions
It is widely assumed that the ablation of dielectrics starts
when the free electron density reaches the critical
density.10–13 Hence, threshold fluence can be considered as
the minimal fluence that just creates the critical density.10–13
Since the free electrons in the thin laser irradiation layer are
excited up to tens of electron volts, the Coulomb explosion,
electrostatic ablation, or nonequilibrium thermal ablation, in-
stead of melting, dominate after the ionization process.6–8,12
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Thus, under an ultrashort pulse irradiation, hydrodynamic
liquid phase motion of dielectrics is generally negligible.
As a result, comparing with long pulses 10 ps, melting
and recast are greatly reduced and negligible, especially for a
single ultrashort pulse ablation of dielectrics at fluences that
are not much higher than the threshold fluences.7,8 In the
limit of negligible recast, ablation depth of dielectrics can be
considered to be the maximum depth at which the maximum
free electron density is equal to the critical density in a given
processing window. Similarly, the ablation crater shape cor-
responds to the region at which the free electron density is
greater than or equal to the critical density. These assump-
tions make it possible to theoretically predict threshold flu-
ences and ablation shapes without simulating the subsequent
phase change mechanisms. Our model calculates the free
electron density spatial distribution as a function of time
within the ultrashort pulse duration. The ablation process
will certainly last for a much longer time. Because the model
does not actually describe the ablation mechanisms, this
study performs the calculations only until the end of the laser
pulse and based on the free electron distribution, the ablation
threshold, depth, and shape are predicted.
B. Free electron density distribution
This study employs the following Fokker-Planck equa-
tion to determine the free electron density distribution ne in
dielectrics under an ultrashort laser pulse,10,11,14


RJne − Epne − Dne  + net  J + net = S , 1
where  is the electron kinetic energy, RJ is the heating rate
of electrons,  is the rate of electron-phonon energy transfer
to the lattice, Ep is the energy of the typical phonon, D is the
diffusion coefficient, J represents the direct energy change, t
is the time, and S is the source or sink of electrons. The terms
within the square bracket of Eq. 1 represent the electron
distribution change because of Joule heating RJne, the inelas-
tic scattering of phonon Epne, and electron energy diffusion
Dne /. At laser intensities greater than 1012 W/cm2, the
rate of energy transfer to lattice Epne is negligible as com-
pared to the electron heating rate RJ within an ultrashort





where  is the ac conductivity of electrons and EI is the
laser electric field, in which It ,r ,z is the laser intensity. In
laser intensity It ,r ,z, t is the time, r is the distance to the
Gaussian beam axis, and z is the depth from the surface of
the bulk material.






where e is the electron charge, m* is the effective mass of an
electron which is taken as the rest mass of an electron,  is
the laser frequency, and 1/m is the energy-dependent,




	1/2 Ub TDTl , 4
where M is the atomic mass unit, me is the mass of electron,
=h /2	 is the reduced Planck constant, Ub is the band gap
energy and is 4.0 and 9.0 eV, respectively, for BBS and
fused silica, TD is the Debye temperature; and Tl is the lattice
temperature in K. The diffusion coefficient is given by
D = 2RJ. 5
The source or sink of electrons S includes the impact
ionization term Simp and photoionization term including
multiphoton ionization and tunnel ionization Sph as
follows:9–11
S = Simp + Sph. 6
It is assumed in impact ionization, that the two resultant
electrons equally share the excess kinetic energy, and then
the impact ionization term can be expressed as a function of
 and t Ref. 10
Simp = 4ne2 + Ub,t
I2 + Ub − ne,t
I , 7
where 
I is the impact ionization rate described by the
Keldysh’s impact formula:16

I =  Ub − 1	
2
in which  is a proportionality constant.
At high laser intensities 1012 W/cm2, the following
two assumptions can be made:10,11,14 1 as soon as the ki-
netic energy of an electron reaches the critical energy, it pro-
duces another electron, and both the electrons become zero
kinetic energy and 2 the shape of electron distribution re-
mains unchanged during the impact ionization process. The
first assumption is called the flux-doubling condition. The
above two assumptions can be expressed by the following
conditions:10
ne  Ub,t = 0, J0,t = 2JUb,t . 8
Hence, in the limit of high laser intensities and based on
the flux-doubling assumption, the impact ionization term,
Eq. 7, can be simplified to the following expression:9,10
Simp = aiIt,r,znet,r,z , 9
where ai is the impact ionization constant ai
=1.2±0.6 cm2/J for barium aluminum borosilicate BBS
and ai=4±0.6 cm2/J for fused silica based on experimental
measurements of threshold fluence.4
In the case when 1 the band gap of the material is not
too much greater than the photon energy, 2 there is no
intermediate resonance, and 3 tunnel ionization is insignifi-
cant, the photoionization rate dominated by multiphoton ion-
ization can be expressed as a function of laser intensity10
Sph = NIt,r,zN, 10
where N is the cross section of N-photon ionization. 3=7
1017±0.5 cm−3 ps−1 cm2/TW3 for BBS and 6=6
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108±0.9 cm−3 ps−1 cm2/TW6 for fused silica at the laser
wavelength around 780 nm.4 Equation 10 does not con-
sider the tunnel ionization. At laser intensities higher than
1015 W/cm2 where tunnel ionization becomes significant,
other methodologies such as the Keldysh’s theory17 should
be employed to consider both multiphoton and tunnel ioniza-
tions.
Within an ultrashort pulse duration intensities typically
1012 W/cm2, the lattice temperature almost remains con-
stant and the electron heating rate is much stronger than the
rate of energy transfer to lattice. Hence, the energy transfer
to lattice within an ultrashort pulse duration is typically neg-
ligible in the Fokker-Planck equation. In addition, if the elec-
tron distribution change because of Joule heating and the




= aiIt,r,znet,r,z + NIt,r,zN. 11
This study will compare the simulation results using the
Fokker-Plank equation, Eq. 1, and the simplified equation,
Eq. 11, to examine any differences.
C. Laser intensity and optical properties
The original laser beam before it interacts with the ma-
terial is assumed to be a Gaussian distribution in time and
space. It is assumed the laser focus point is at the material
surface z=0. Considering time and space dependent optical
















where Rt ,r is the reflectivity on the surface, t ,r ,z is the
absorption coefficient, r0 is the radius of the laser beam that
is defined as the distance from the center at which the inten-
sity drops to exp−1 of the maximum intensity, tp is the
pulse duration, and F is the laser fluence.
The optical properties of the highly ionized dielectric
under an ultrashort pulse can be well determined by plasma
properties.18 This is due to the strong metallic properties of
the ionized dielectrics whose free electron density under an
ultrashort pulse can be increased to 1021–1023 cm−3 that is
comparable to those of metals.10,12 Hence, the free electron
model for the plasma of metals and doped semiconductors is
used to determine the optical properties in the ultrashort laser
dielectrics interaction. The dielectric function of plasma  at
a given spatial and time is expressed as19
t,r,z = 1t,r,z + i2t,r,z = 1 + net,r,ze2
me0

− e2t,r,z + iet,r,z/1 + 2e2t,r,z  , 13
where 0 is the electrical permittivity of free space and
et ,r ,z is the free electron relaxation time. The plasma fre-





For ultrashort lasers, critical density ncr is selected as the
free electron density at which the plasma oscillation fre-





where c is the scalar speed of light in vacuum and  is the
wavelength of the laser.
The complex refractive index f= f1+ if2=
 where f1 is
the normal refractive index and f2 is the extinction coeffi-
cient, and they can be expressed as
f1t,r,z =
1t,r,z + 
12t,r,z + 22t,r,z2 , 16
f2t,r,z =
− 1t,r,z + 
12t,r,z + 22t,r,z2 . 17
The reflectivity of the ionized material is determined by
the following Fresnel expression at the surface
Rt,r =
f1t,r,0 − 12 + f22t,r,0
f1t,r,0 + 12 + f22t,r,0
. 18
The absorption coefficient of laser intensity by plasma








However, Eq. 19 accounts for only the absorption
through free electron heating but not the absorption through
ionizations. The lattice temperature is assumed unchanged
during the ultrashort pulse irradiation. For an ultrashort laser,
the total absorption coefficient  accounting for both free
electron heating absorption and ionization absorption can be
determined by10
t,r,z = ainet,r,z + NIt,r,zN−1t,r,z + Ub ,
20
where t ,r ,z is the average kinetic energy of free elec-
trons.
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D. Free electron relaxation time
The free electron relaxation time in Eq. 13 must be
calculated to determine the dielectric function of the plasma.







1 + exp− ne,T/kBTt,r,zF1/2, 21
where Z* is the ionization state, kB is the Boltzmann con-
stant, T is the electron temperature, F1/2 is the Fermi-Dirac
integrals,  is the chemical potential, and ln  is the Cou-
lomb logarithm determined by ln =0.5 ln1+ bmax/
bmin2,21 where bmax is the maximum collision parameter
determined by bmax= kBT /me1/2 /max ,p and bmin is
the minimum collision parameter determined by bmin
=maxZ*e2 /kBT ,h /2	mekBT1/2, where h is the Planck
constant. For free electrons, the chemical potential can be
approximated by22





where the higher order terms are neglected and F is the
Fermi energy that is determined by Fne= hc2 /8mec2
3/	2/3net ,r ,z2/3.





= ht,r,zIt,r,z , 23
where ce is the specific heat of free electrons ceT ,ne
















Our model predicts the free electron density distribution
within the pulse duration using the Fokker-Planck equation,
for which, the laser intensity distribution, optical properties,
electron temperatures, and other parameters are calculated
numerically as functions of time and space. The threshold
fluence is determined when the free electron density at the
material surface is equal to the critical density at the end of
laser irradiation for a given laser wavelength and pulse du-
ration. A small volume of material is ablated if its free elec-
tron density becomes greater than or equal to the critical
density.
III. RESULTS AND DISCUSSION
A. Fixed processing window
The example of the ablation of BBS using a 780 nm,
220 fs laser is calculated and compared with experimental
results. The experimental ablation threshold fluence is
3.2±0.6 J /cm2 and the corresponding experimental ablation
depth at 6.2±0.7 J /cm2 is 270±65 nm.4 Our model using
Eqs. 1 and 11 give the same predictions: 3.3 J /cm2 for
the threshold fluence and 260 nm for the ablation depth at
6.2 J /cm2, which demonstrates that for free electron genera-
tions, the electron energy diffusion and electron distribution
change because of Joule heating are negligible within the
femtosecond pulse duration tp. This conclusion is confirmed
by Fig. 1a that shows the distribution of free electron den-
sity predicted by Eq. 1 is visually overlapped with that by
Eq. 11. More precisely, our comparison calculations show
that for free electron generation in this case, the contribution
of electron energy diffusion and that of the electron distribu-
tion change because of Joule heating are two and four orders
of magnitudes, respectively, smaller than the contributions of
ionizations within the pulse duration tp. Also, since the elec-
tron heating rate is much stronger than the rate of energy
transfer to lattice within tp,
7,8 the results also indirectly con-
firm that the rate of energy transfer to lattice is negligible
within tp. Hence, the use of Eq. 11 simplified from the
Fokker-Planck equation is well justified. Figure 1a also
shows that in the first 25 fs, at r=0 in the surface layer,
photoionization multiphoton ionization dominates the ini-
tial ionization process until the free electron density reaches
4.61019 cm−3. On the other hand, the overall contribution
of impact ionization 2.171021 cm−3 is about one order of
magnitude greater than that of photoionization 4.84
1020 cm−3. The critical density is created at about 95 fs.
Within tp, the reflectivity at r=0 in the surface layer is quite
low at the initial stage of the pulse irradiation as shown in
Fig. 1b. From 80 to 110 fs, the reflectivity increases rap-
idly from a low level to about 0.87. Hence, the laser energy
after the formation of critical density is mainly reflected.
Note the reflectivity in our calculations is always greater than
zero as indicated in Eqs. 13–18. For example, the theo-
retical reflectivity is 1.410−3 at 50 fs. However, because
the reflectivity values on the order of 10−3 or less are so
small for times less than 60 fs, the reflectivity read like zero
in Fig. 1b. After the free electron density becomes compa-
rable to the critical density, the Gaussian beam is strongly
shaped by the plasma, as shown in Fig. 1c.
As for the distributions in the space domain, optical
property changes with radius are demonstrated in Fig. 2. The
overall reflectivity integrated in the whole time domain sig-
nificantly decreases with the radius r. At r=0 where the peak
free electron density occurs, the overall reflectivity is the
highest, 0.549, while it drops to 0.023 at r=40 m. The
reflectivity distribution shapes the Gaussian beam profile to
become more flat. Another important optical property for
crater shape is the absorption coefficient. A sample absorp-
tion coefficient distribution at t=110 fs in the surface layer is
also plotted in Fig. 2, which illustrates a strong negative
correlation between the radius and absorption coefficient.
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Due to the changes of optical properties in time and space,
the laser beam transmitted into the plasma layers is strongly
shaped.
The ablation depth is determined by free electron density
along the material depth direction at r=0 and t=220 fs, as
shown in Fig. 3. The layer at 260 nm is identified as the
ablation depth, at which the free electron density just reaches
the critical density.
B. The effects of fluence
The shape of the ablation crater strongly depends on the
laser fluence. Figure 4 presents the effects of fluences for a
780 nm, 220 fs laser ablation of BBS. At a higher fluence, a
greater percentage of the absorbed laser energy is deposited
in a thin layer, as shown in Fig. 4a. At 2 J /cm2 that is lower
than the threshold fluence, only 0.79% of the absorbed en-
ergy is deposited in the first 500 nm. The percentages for the
same depth 500 nm at 6.2 and 20 J /cm2 are 14.3% and
28.9%, respectively, which are quite striking. The formation
of a thin skin depth at fluences higher than the threshold
fluence is very obvious, which strongly affects the ablation
crater shape. The ablation shapes by a 780 nm, 220 fs laser
at three different fluences are shown in Fig. 4b. The bottom
of the crater at 6.2 J /cm2 is rather flat as compared to the
original Gaussian beam profile. The flat bottom crater at
10 J /cm2 is even more obvious. Such type of flat-bottom
crater shapes have been observed in previous experiments on
ultrashort laser ablation of other materials.1,23–25 A flat-
bottom crater occurs because of the overall reflectivity and
absorption coefficient significantly increase with the increase
of fluence as shown in Fig. 4c. For r=0 and t=110 fs, the
absorption coefficients in the surface layer numerically
1 nm at 3.8, 6.2, and 10 J /cm2 are 0.18104, 2.0104,
and 4.2104 cm−1, respectively. The overall reflectivity in-
tegrated in the whole pulse duration at the fluences of 3.8,
6.2, and 10 J /cm2 are 0.16, 0.55, and 0.76, respectively. Ac-
cordingly, as shown in Fig. 4d, the changes of ablation
depths by the 780 nm, 220 fs laser as a function of the flu-
ence well explain the crater shapes plotted in Fig. 4b.
FIG. 1. Time-dependent properties of BBS at r=0, F=6.2 J /cm2 by a
780 nm, 220 fs laser. a Free electron density in the surface layer numeri-
cally 1 nm, b surface reflectivity, and c transmitted laser intensity.
FIG. 2. Radius-dependent optical properties of BBS in the ionized dielec-
trics at F=6.2 J /cm2 by a 780 nm, 220 fs laser: overall reflectivity inte-
grated in time domain and absorption coefficient at t=110 fs in the surface
layer numerically 1 nm.
FIG. 3. Depth-dependent free electron density of BBS at t=220 fs, r=0,
F=6.2 J /cm2 by a 780 nm, 220 fs laser.
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Based on the Beer’s law with constant optical properties,
the following equation has been used to predict the ablation
depth as a function of fluence:26
d =  1

	ln FFth , 26
where Fth is the threshold fluence. As the absorption coeffi-
cient of the material varies significantly as a function of time,
space, and laser intensity during the femtosecond laser irra-
diation, the selection of a “correct” constant absorption co-
efficient is very challenging if not impossible. If a mean
absorption coefficient over the space and the fluence is used,
Eq. 26 predicts the ablation depth as shown in Fig. 4d,
which is not consistent with the experimental result. As
shown in Fig. 4d, our predicted ablation depth by the
780 nm, 220 fs laser increases from 0 to 210 nm in the flu-
ence range of 3.26–4.7 J /cm2 that is 1–1.44 times of the
theoretical threshold fluence. In this fluence range, because a
possible fluctuation of the fluence will lead to a high varia-
tion of ablation depth, it is technically very difficult to con-
trol the ablation depth precision of BBS below 210 nm using
the 780 nm, 220 fs laser. This explains the poor repeatability
and controllability in ultrashort laser nanomachining using
fluences slightly above the threshold fluence. On the other
hand, from about 5.0 to 18.7 J /cm2, the ablation depth in-
creases relatively slow. The existence of a nearly constant
ablation depth after a steep increase was experimentally ob-
served before.27–29 Note the constant ablation depth exists
only in a limited fluence range and the ablation depth may
significantly increase if the fluence continues to increase.28,29
C. The effects of pulse duration
As shown in Fig. 5a, at fixed wavelength 780 nm and
fluence 6.2 J /cm2 and at the peak intensities tp /2, the
absorption coefficient and the overall reflectivity decrease
with the increase of the pulse duration for BBS. On the other
hand, Fig. 5b shows that the threshold fluence increases
with the pulse duration as expected. Our predicted threshold
fluences of BBS at different pulse durations are in agreement
with experimental data.4 However, the ablation depth by a
780 nm laser at 6.2 J /cm2 is not a monotonous function of
the pulse duration. When the pulse duration is very short and
the laser fluence is “strong” with respect to the correspond-
ing threshold fluence, the ablation depth increases as the
pulse duration increases. Figure 5b shows that the ablation
depth increases with the increase of pulse duration in the
range of 40–240 fs. However, when the pulse duration in-
creases to some point, the fluence becomes “weak” with re-
spect to the corresponding threshold fluence, thereafter the
ablation depth decreases as the pulse duration increases. Fig-
ure 5b shows that ablation depth decreases with the in-
crease of pulse duration in the range of 360–800 fs.
D. Fused silica
The example of a 780 nm, 50 fs laser ablation of fused
silica is also calculated to confirm the conclusions from
BBS. The band gap of fused silica is 9.0 eV. The impact
ionization coefficient, ai=4±0.6 cm2/J, and the cross section
of N-photon absorption, 6=6108±0.9 cm−3 ps−1cm2/
TW6 at the laser wavelength of 780 nm.4 The experimental
ablation threshold fluence is about 3.3 J /cm2, and the corre-
FIG. 4. The effects of fluence for a 780 nm, 220 fs laser ablation of BBS:
a cumulative percentages of laser energy deposited in different depths, b
ablation crater shapes, c overall reflectivity and absorption coefficient in
the surface layer numerically 1 nm at t=110 fs, and d ablation depths.
FIG. 5. The effects of pulse duration for a 780 nm, 220 fs laser ablation of
BBS at 6.2 J /cm2: a overall reflectivity and absorption coefficient in the
surface layer numerically 1 nm at peak intensities and b threshold flu-
ence and ablation depth.
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sponding experimental ablation depth at 5 J /cm2 is about
200 nm.4 The proposed model gives the results of
3.15 J /cm2 and 195 nm, respectively, for the threshold flu-
ence and ablation depth at 5 J /cm2. As shown in Fig. 6, the
patterns of threshold fluence and ablation depth at 5 J /cm2
for fused silica as a function of the pulse duration are similar
to those in Fig. 5 for BBS.
IV. CONCLUSIONS
This study proposes a plasma model for ultrashort laser
ablation of dielectrics. The Fokker-Planck equation is em-
ployed to investigate the free electron generation and distri-
bution. The free electron model for plasma of metals and
doped semiconductors is modified to study time, space, and
laser intensity dependent optical properties of ionized mate-
rial under the ultrashort laser-plasma interaction. The abla-
tion threshold fluences and depths predicted by the proposed
model are in good agreement with experimental measure-
ments in the examples of BBS and fused silica. The compari-
son calculations show that for free electron generation, the
contributions by electron energy diffusion, the rate of energy
transfer to lattice, and the electron distribution change be-
cause of Joule heating are negligible as compared to ioniza-
tions within the femtosecond pulse duration. It is found that
the significantly varying optical properties of the laser-
induced plasma can greatly affect the laser beam profile in
the material and, as a result, the ablated crater shape. The
proposed model improves the accuracy of ablation depth pre-
diction and can predict the crater shape in ultrashort laser
ablation of dielectrics.
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